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H. S. BURR
The measurement ofthe relativelysteady state standing potential
in living systems is beset by a number of difficulties. Some of these
are attributable to the inherent obstacles of measurement of electrical
phenomena in fluid systems; others arise when an attempt is made
to determine not only the significance of the standing potential but
also the factors which produce variation in its determination. The
technic of DC measurement, while relatively simple in many ways,
nevertheless contains many sources of error. Likewise, information
concerning the basic principle underlying electrical manifestations is
still too limited to give a completely satisfactory answer. Experi-
ence during the past ten years has made clear some of the obvious
pitfalls in the technic, and the natural history aspeot of the observa-
tions has provided some possible dues to the meaning of such
measurements.
The association of electricity with life has been generally recog-
nized for more than a century, but accurate measurement of the
various electrical properties has been a relatively recent develop-
ment. In general, there have been two great difficulties in the
determination of the standing potential. Until the advent of the
vacuum tu!be, measuring devices were all current-drain instruments.
Because of their relatively low resistance they have acted as an
external shunt on the system being measured, thereby imposing a
current drain on the living system. Where the recuperative powers
of the living system are sufficiently great, and where the standing
potential is high, as in plants, this does not introduce a very large
error into the measurement. In small animal systems, on the other
hand, current drains in excess of 10- amperes are believed to polar-
ize cell boundaries. Thus, there is introduced a significant dis-
turbance in the electrical output of the system.
The method by which the measuring device is brought into con-
tact with living tissue is a second obstacle. Contact of metal with
living tissue produces potentials not attributable to the biological
* From the Section of Neuro-anatomy, Yale University School of Medicine.
Aided by a grant from the Fluid Research Funds, Yale University School of
Medicine.YALE JOURNAL OF BIOLOGY AND MEDICINE
system. This difficulty has been met in part by the development
of the reversible non-polarizing electrode brought into contact with
the system being measured by means of physiological salt solution.
The ideal procedure for the determination of standing potentials
would be a meter of infinite inputimpedance, since this would impose
no current drain. The meter would be ibrought into contact with
the living system through reversible non-polarizing electrodes
between which there would be no detectable voltage. In practice,
these conditions are only approximated (Burr et al.2). However,
with the help of the modern vacuum tube it is practical to build a
vacuum-tiube microvoltmeter whose input impedance is 10 megohms
or higher. This reduces to a minimum the current drain from the
system measured. It is necessary, also, to balance the instrument
at free-grid. This is an important element in any measurement of
the electrical output of living systems, for if current flows in the
grid circuit it will introduce an error depending on the polarity of
the grid current and that of the system measured. The ideal type
of electrode was found to be a silver-silver chloride electrode oper-
ating in salt solution in physiological balance with the living system.
It is not too difficult to make such electrodes with a voltage differ-
ence of but a few microvolts. Fortunately, many of the standing
potentials are in the order of millivolts and the small potential
difference in the electrodes is relatively unimportant.
These three corner-stones of DC measurement-high impedance
input, free-grid, non-polarizing electrodes-cannot be ignored in
any procedure, for it has been found in this laboratory that failure
to check all of them invariably leads to inaccurate determinations.
Fortunately, there is one simple method by which the validity of
the measurement can be checked. It is only necessary to reverse
the electrodes at periodic intervals. Ideally, each determination
should be followed by one with reversed electrodes. In practice,
however, this does not seem to be necessary, for where the conditions
are adequate one or two checks at the beginning and at the end of
the experiment provide the necessary information as to the accuracy
of the measurement. Unfortunately, there is another danger which
must be met. There must be only one ground in the combined cir-
cuits of the measuring device and the system being measured. Any
fortuitous leaks between the leads to the grid of the input tube
provide a second ground. This, when added to the ground of the
lead to the filament side of the circuit, results in unwanted grid
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currents. Leaks of this kind are most likely to occur at the tube
itself, at the switch, by means of which the free-grid is obtained, or
in the lead from the grid electrode to that switch. At these
points the insulation must be the best obtainable. Particularly
to be guarded against are the surface leaks which are most apt to
occur on days of high humidity. When these are present it is well-
nigh impossible to tell whether the potential change is due to an
increased relative humidity affecting the living system or the instru-
ment (cf. Sn'odgrass et al.5).
Much of the time, measurements can be made quite adequately
without any ground. This is particularly true if the measurements
are being made far from possible interference from other electrical
apparatus. On the other hand, if multiple grounds are present, it
is only by accident that the measurement turns out to be significant.
In a recent paper by Nicholas4 appears the following remark:
"Unfortunately, the refinements of method have been emphasized
more than have the more significant experimental results." This
is a most misleading statement, for if followed the experimental
results would have no validity. It is true, of course, that the mile
is not ordinarily measured in millimeters. Short-cuts in method
are permissible when made with clear understanding of the sources
of error. Emphasis has been placed here upon technic because of
certain discrepancies between the results obtained by Snodgrass,
Rock, and Menkin5 and those reported from this laboratory.
These investigators, in the first place, cast doubt on the validity
of ovulation potentials because of certain "inexplicable variations in
the magnitude, duration and polarity of the electric changes." If
such variations are truly "inexplicable" there can be no certainty in
DC measurement. However, more than ten years' experience in
this laboratory has shown that while all the variables whose change
is associated with EMF are not known, there are a few that can be
recognized. Moreover, as the experiments here reported will indi-
cate, variations in technic will explain some of the uncertainties while
such variables as pressure, temperature, and blood flow from what-
ever cause, modify the measured potential difference minimally.
Secondly, there can be no doubt that the chain of events described
by the above authors may well be true. In all probability local
changes in skin temperature and in blood flow result in changes in
the local pH which in turn must be reflected in part in the potential
gradient. This has never been denied. On the contrary, the
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existence of such a chain of circumstances has been recognized, but
repeated observations have indicated that there is much more to the
problem than is contained in such a statement. Many factors other
than those listed above have shown positive correlations with chang-
ing potentials. The magnitude of the chan.ges in potential gradient
associated with these factors has been too great to be explained away
byminorvariations studied by Snodgrass et al. Whatever the inter-
pretation of finger potentials may be, the fact remains that it is a
measurement. It is interesting that the mean potentials obtained in
the two laboratories are roughly the same. The magnitude of the
departure from this means differs.
In contrast to the findings reported aibove, the several hundred
thousand determinations made in this laboratory showed no rela-
tionship between handedness and polarity. The two differences
mentioned could be due to technical errors. Unexpected grounds,
grid current in the measuring device, or asymmetric electrodes,
together or in combination, would explain the differences. For
example, Fig. 1 shows arecord, made from ageranium, of the stand-
ing potential picked up by two silver-silver chloride electrodes with
FIG. 1. Continuous record of potential gradient in the stem of geranium, showing
the effect on the measurement of lowering tEhe input impedanoe of the vacuum tube
voltmeter when balanced at free-grid.
a 4 my. asymmetry and fed into a 10 megoh-m impedance vacuum
tube balanced microvoltmeter, the output from which was led to a
G.E. photo--electric recorder, giving a continuous record of the
potential difference. By means of a suitable switch, resistances of
5,2,1, or 0.5 ~megohms were placed in parallel, in succession, in the
input to the microvoltmeter. It will be noted that the measured
standing potential was 2'4.5 mvs. However, the electrode asym-
metry was 4 mvs. with the same polarity as the standing potential.
ThetruePD)was,therefore, 20 mvs. Whentheinputimpedancewas
dropped from 10 megohms to 3.3 megohmsbyplacing S megohms in
parallel with the grid leak, the measured potential dropped nearly a
millivolt. Two minutes later, dropping the input impedance to 1.6
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megohms by placing 2 megohms in parallel with the input, the
potential difference dropped a full millivolt more. Repeating again
with one megohm and, hence, reducing the impedance to 0.9 of a
megohm, the measured potential dropped another millivolt.
Finally, the introduction of 0.5 megohms across the input resulting
in a total impedance of 0.47 megohms caused the measured voltage
to drop 2.5 mvs. It is clear enough from this experiment, repeated
many times, that the input impedance and unbalanced electrodes
have a profound effect upon the accuracy of the measurements. It
should be noted that under the conditions of this experiment the
amplifier was balanced at free-grid.
In Fig. 2 a similar record, under the same conditions, except
that the amplifier was out of balance, indicates a potential difference
of 26 mvs. This is 1.5 mvs. more than with
a balanced amplifier. To be sure, this is an t -
error of only 5 per cent, but the imbalance in
this case was known to be small. Where the I5 V.
imbalance is unknown, this error could rise to
appreciable magnitudes. It will be noted in loMfl 0.5M.Q
Fig. 2 that dropping the impedance to 0.47
megohms introduces the same error in the 0
unbalanced amplifier as in the balanced Fig. 2.ccndethiotn aicroin
amplifier.
voltmeter is out of balance.
Note added error.
Both of these records were taken without
grounds. The introduction of a ground at the proper point in a
circuit does not affect the results. If, however, an unknown ground
ispresent, reversing theelectrodes will immediatelydisclose the fact,
since under these conditions the galvanometer swing will not be
equal and opposite.
The significance of the standing potential gradients is still a
matter of dispute. The differences of opinion arise largely from
the fact that it has been generally assumed that the electrical mani-
festations are the consequence of chemical activity operating across
phase boundaries. The gross voltage difference then would be the
summation of the electrical consequences of all chemical transforma-
tions. This concept has led to many careful examinations of the
chemical reactions which resulted in a measurable potential differ-
ence. There is, however, another way of viewing the problem-a
point of view suggested by Burr and Northrop3 in 1935. It was
then proposed that the electrical properties of living systems be con-
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sidered as primary attrilbutes of protoplasm inherent in the physical
and chemical attrilbutes of living substance. Such a hypothesis
would include the idea that the resulting electrical energy served as
a reservoir upon which the living system could draw for immediate
needs. Exhaustion of thie reservoir by biological activity could then
be followed 'by re-establishment of the potential level as a conse-
quence of metabolism. If this point of view is accepted, then it
should follow that there would be an electrical correlate of all forms
of biological activity; the activity being measured by a sharp with-
drawal of electrical energy from the reservoir. It is possible, there-
fore, to think of such phenomena as heart waves, brain waves, and
the electrical correlates of muscular activity and of neural activity as
examples of this kind of process. As has been shown in Mimosa
(Burr') the reactivity of the sensitive leaves to stimuli only occurs
when a certain level of potential gradient is present. Stimulation
results in a sudden drop in this potential difference and is only
replaced over a period of time. During this recovery phase, neither
physiological nor electrical responses can be obtained.
No matter which of the two above views is adopted, there is one
way in which the significance of potential gradients can be ascer-
tained. This involves a careful study of all the factors within and
without the living systemwhich, when varied, produce a concomitant
variation in the electrical measurement. Obviously, the number of
these variables is legion and it is possible to select only a few at a
time for careful study. Some of these will continue to be the
influence of chemical reaction on electrical manifestations. On the
other hand, there are at least two variables which are almost con-
stantly present in every set of measurements. The first of these is
the effect of pressure of the electrode on living tissue. Whenever
the salt bridge is applied, there is always the danger that different
contact pressures occur. It ispossible that when the pressures are the
same no great effect may result, (but it is difficult indeed to achieve
this result and often the pressures differ. In order to investigate
this, some 750 determinations were made using insulated electrodes
with the salt bridges so arranged that pressure could be readily
applied to one of the salt bridges but not to the other. Weights of
25, 50, and 100 grams were applied to one electrode of a pair 5
inches apart, resting on the forearm of a subject. The diameter of
the electrode contact was approximately 2 mm. In table 1 the
results of 10 of the experiments are given showing the effect of a
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differential of 100 grams in the pressure applied to the skin by one
electrode. Each experiment consisted of 30 determinations, half
of which were made by electrode reversal. Similar experiments for
25 grams and 50 grams did not differ significantly from those shown
in the table and, therefore, are not included. It will be noted that
in two out of the 10 experiments there was a significant rise in the
TABLE I
Normal 100 grams After Normal 100 grams After
Mean 2.8 5.5 6.6 Mean 0.9 1.0 1.0
S. D. 2.2 0.5 0.5 S. D. 0.8 1.3 1.1
S. E. 0.4 0.1 0.09 S. E. 0.1 0.2 0.2
Mean 4.6 6.0 5.1 Mean 7.1 7.5 7.9
S. D. 2.3 2.7 1.9 S. D. 4.0 4.3 4.1
S. E. 0.4 0.5 0.3 S. E. 0.7 0.7 0.7
Mean 5.2 5.3 5.1 Mean 5.2 5.7 5.7
S. D. 3.4 3.4 3.3 S. D. 1.1 0.9 0.8
S. E. 0.6 0.7 0.6 S. E. 0.2 0.1 0.1
Mean 1.1 1.0 1.4 Mean 6.3 6.7 6.8
S. D. 1.03 0.8 0.9 S. D. 1.4 1.4 1.5
S. E. 0.19 0.1 0.1 S. E. 0.2 0.2 0.2
Mean 2.9 2.0 2.5 Mean 12.7 12.9 12.9
S. D. 0.9 1.1 1.2 S. D. 2.7 3.6 2.4
S. E. 0.1 0.2 0.2 S. E. 0.5 0.4 0.4
potential between the two areas on the skin. When, however, the
weights were removed, and sufficient time allowed for recovery from
the deformation, the potential did not return to the original level.
In the remaining 8 experiments the variations in the before and after
determinations were not significant. For the soft tissues of the
forearm it seems reasonably evident that differences of pressure do
not contribute seriously to errors in measurement. However, a less
extensive set of observations using electrodes held in the hand and
pressed against the skin overbonyprominences indicated the presence
of a significant variable factor. It is clear enough that, with reason-
able precautions, pressure need not play a large part in the error of
measurements.
A second variable is, ofcourse, temperature-temperature of the
living system, of the surface of the skin to which the electrode is
applied, and environmental temperature. In warm-blooded animals
the body temperature is known to be reasonably constant and theYALE JOURNAL OF BIOLOGY AND MEDICINE
temperature gradients uniform. Environmental temperatures are
another matter. Here the reports of Meader and Marshall are
significant. They found that wide differences in environmental
temperature sufficient toibreak down the normal thermal regulation
in rats produced no significant effect upon the standing potential
gradients. Under the conditions of these experiments, local skin
temperatures under each electrode presumably remained essentially
the same. It is a little difficult to understand why no significant
change was observed, for temperature is either an accelerator or a
decelerator of chemical reactions. It is hard to believe that in two
different parts of the body, identical or nearly identical chemical
reactions would be modified to exactly the same degree. Certainly
the rate of metabolism at the low temperatures should be markedly
lower than at the high. However, in these experiments the animals
were anesthetized and, therefore, immobile. The general reduction
ofbiological activity might be expected to leave relatively untouched
the electrical energy reservoir of the organism. On the other hand,
when differences in temperature exist between the areas under the
electrodes or in their vicinity, a new set of problems arises. The
temperature difference here may have two effects-(1) on the rate
of chemical and biological activity in the areas of the electrodes or
(2) directly uponthe silver-silver chloride electrodes. That there is
a thermo-electric effect in the latter case is well known. In biolog-
ical systems it is not so clear. Undoulbtedly temperature differences
occur on the surfaces of the body (Snodgrass et al.5). These dif-
ferences may amount to several degrees centigrade. In the Har-
vard study, evidence was presented that a difference of one degree
centigrade in the skin temperature under the electrodes gave an
EMF difference of one millivolt. In general, the warmer area
becomes more positive with respect to the cooler area. Inasmuch as
this is at variance with the experience of ten years in this laboratory,
specific experiments were set up to examine this problem more
carefully.
The very careful measurements of Snodgrass et al. merit serious
consideration. These observers took great pains to examine not
only the effect of the magnitude of the thernal difference on the
potential gradient, but also the rate of change of temperature.
Their result of one millivolt per degree centigrade is, therefore,
important. However, it should be pointed out that the standard of
error of many hundreds of thousands of determinations on human
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beings in this laboratory has been approximately 0.5 millivolts, with
a standard deviation of approximately 2 millivolts. If these two
sets of findings can be reconciled it would seem to suggest that while
temperature differences do significantly modify the standing poten-
tial difference, the modification is so small as to be liost in the result-
ing effect of many other variaibles.
The experiments performed in this laboratory were of several
types, the electrical technics being the same in all instances. In the
first experiment a record of the EMF between two silver-silver
chloride electrodes in salt solution was continuously recorded, while
the temperature in
the solution sur- cd Ec
rounding the elec- 56
from 260 to over 46 560 C. and then 416ERATURE
returned to ap- I t
proximately the
3
starting point. A
26 graph of the re- 0 5 15 30 55
1 * , . ~~~~~~~~T1ME IN MINUTES sults is shown in TE- lE
Fig. 3. A rise in FIG. 3. Graph of changing EMF as the temperature of the
solution surrounding one electrode is raised. A typical thermo- EMP of 7 mvs. electric effect.
accompanied the
more than 300 C. rise in temperature. This is approximately 4
degrees C. per millivolt. Thermal effects of electrodes under these
conditions are amenable to theoretical analysis and are well known.
Turning now to the situation in which electrical measurements
are made of the biological system as it reacts to differential heating,
experiments similar to those above were performed. In these
experiments 280 determinations were made in 12 instances. Since
it was important to examine the possible role of temperature differ-
ences on finger potentials as usually taken in this Ivboratory, the
index fingers in each hand were used as reacting systems. It will
be noted that here there is a long temperature, as well as electrical,
path crossing the body from one hand to the other. In the other
experiments of Snodgrass5 the fingers of only one hand were used,
the paths being much shorter. It is quite possible that the discrep-
ancies between the two laboratories are explicable on this ground.
In any event, the results from all 12 experiments as performed in
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this laboratory show a mean of 2.5° C. per mv. In all instances
the left saline cup was heated and the right cup maintained at room
temperature. In all experiments the electrodes were in a cork-
insulated box. This latter precaution was taken because there is
TABLE 2
1 2 3 4 5 6 7 8 9 10 1 1 12
Temp. Dif. 21.5 20.0 16.5 14.5 13 19 11 20 15 12 12 19
Volt. Dif. 14.9 9.9 9.4 4.4 12.1 9.9 3.6 9.6 4.0 4.5 2.8 8.2
Degree/mv. 1.4 2.07 1.6 1.9 1.07 1.9 3.05 2.07 3.7 2.6 4.3 2.3
Mean 2.52°/mv.
not only a temperature effect on the electrodes but in certain
instances a pair of electrodes may be light-sensitive. The reasons
for this sensitivity to light are unknown and cannot be predicted,
hence all electrodes were shielded from both light and temperature
change. The range of temperature difference varied from 110 C.
to 21.50 C. There was no consistent difference between individuals.
On one day a
56 Electrode Eleclrode given individual
51/\ t 11 would be quite
41 perature changes 41 /TEMPERArUR
~ }geal1 and on a succeed-
31 VM U " ing day relatively
26 \ -/ ____ insensitive. As an O 5 1.5 _3o1E1NMID2UTS 60 example, one in-
dividual gave the
FIG. 4. Graph similar to Fig. 3, except that electrodes are following results
insulated from light and temperature changes, and solution at
terminus of one salt bridge is heated. on three succes-
sive days:-3.60
per mv., first day; on the second day, 4.50 mv.; and on the third
day, 8.20 mv. Other individuals were much more consistent.
Perhaps because the index finger of each hand was used instead
of the Snodgrass technic of comparing the index finger of one hand
against the 3 remaining fingers of the same hand, the effect of
raising the temperature on the polarity of the EMF was exactly
opposite to the records obtained by the above workers. In all the
experiments the temperature of the left electrode cup was raised
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and the finger in that cup showed an increased negativity with
respect to the index finger of the right hand. A question which is
sometimes asked may be answered at this point. There is no par-
ticular virtue in the index finger. It was originally selected for
convenience only. Moreover, a great many determinations have
shown a close parallelism between the potentials of the other fingers
when symmetrically compared. Asymmetries in the comparison
introduce many other factors. This means, of course, that if finger
potentials have any significance, one finger is as good as another.
The above experiments do not, of course, exhaust the possibility
of thermal effects. It is generally agreed that increased blood flow
in capillaries subjacent to the skin results in a relative rise in tem-
perature in that particular region. One of the simplest ways of
differentially expanding the capillary bed of the fingers is to hold
one hand vertically above the head, allowing the other hand to hang
at the side. After 3 minutes the first hand becomes blanched and
the other hand suffused with blood, as cmn be readily seen if, after
holding the hands in this position, they are stretched out side by
side in front of the -body. Fifteen or twenty experiments of this
sort were carried out determining first the normal PD between the
index fingers, then placing the hands in the above position for 3
minutes and then placing them directly in the electrode cups. In
two subjects, no measurable difference could be determined. In
the second two sulbjects the normal potential dropped a millivolt;
in a fifth subject, 0.5 mv. A further test was made in which each
TABLE 3
Exp. Normal Vasomotor Ice Exercise N
1 -0.5 -0.5 -0.5 -0.5 30
2 -0.5 - 0.5 -0.5 -0.5 30
3 +9.0 +10.0 +9.0 +8.0 30
4 -1.0 - 1.5 -1.0 -1.0 30
5 -2.5 - 3.5 -2.5 -3.0 30
sikbject held a lump of ice in the right hand until the hand was
thoroughly chilled. No change in the EMF was noted. Exercise
presumably increases blood flow and, therefore, local temperature,
and might be expected to change the EMF. In the same 5 subjects
as were used for the other experiments repeated tests failed to show
any results of exercise on the EMF.
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In all the above experiments the index fingers were introduced
into electrode cups at room temperature. Presumably there is a
thermal gradient here between the body and skin temperature and
the temperature of the salt solution. In none of the experiments
has this factor been taken into account. The study of this particular
problem is a highly technical exercise requiring special knowledge
and special equipment, outside the range of most biological labora-
tories. For the purpose of standing potential determinations it
would seem to offer no dbvious source of error since that temperature
gradient is present in all finger determinations.
Quite frequently, while taking finger potentials in this labora-
tory, it has been noted that if one of the index fingers was pressed
against the bottom of the cup, a significant change in the standing
potential occurred. Whenthe right indexfingeris pressedagainstthe
bottom of the cup the galvanometer reading shows an increased posi-
tivity in that finger as compared with the left finger. If, now,
the left finger is pressed 'in the same manner, the galvanometer
shows an increased negativity in that finger. If both fingers are
pressed against the bottom of the cup, only minor changes occur,
sometimes positive and sometimes negative. In general, pressure
of that sort is believed to beaccompanied by a decrease in blood flow.
If the Snodgrass theory holds, this should be accompanied by a
small but measurable loss in temperature which in turn would be
reflected in a reduced potential difference. This, however, is not
the case or at least is not the whole explanation. It may well be
that the physical deformation of protoplasm itself noticeably modi-
fies the standing potential difference. In any event, if temperature
alone were the factor, the effect should be the same in both fingers,
which it is not. It seems more likely that a piezo-electric effect,
resulting from alteration in the crystal-like structure of protoplasm,
is at the heart of the matter. Needless to say, this deserves further
study.
From the results reported by Snodgrass and those included in
his excellent bibliography, together with the findings in this labora-
tory, it can be concluded that temperature differences do have an
effect on the measurement of standing potentials. However, this
effect is small enough so that it can be safely ignored in the great
body of EMF determinations on living beings. The effects of
pressure, likewise, providing reasonable precautions are exercised,
need not be considered. All ofwhich means that given an adequate
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technic, it is necessary to look beyond pressure and temperature,
local vascular activity, and exercise to more fundamental biological
activities as the cause of changes in the potential gradients. It
would seem logical to expect that the kind of work most charac-
teristic of a particular part of the body or particular organ would
be most likely to modify the standing potential. It may well be,
therefore, that the standing potential of an organ when it is at rest
is modified in a characteristic way when at work. The standing
potential ofmuscle, of nerve, of end plate, all change during activity.
They all change in ways which are unique, although a general pat-
tern can be seen in most of them. It would seem, then, that there
is good evidence to believe that standing potentials are worthy of
study and that they seem to be independent of some, at least, of the
usual environmental variables.
Conclusion
1. In making accurate measurements of potential differences in
living organisms, it is necessary to employ an instrument operating
the balanced free-grid with a high input impedance, electrodes with
no self-potential, and only one ground.
2. The effect of electrode pressure on the surface of the skin
results in variations in potential readings which are within the stand-
ard error of measurement. Differences in skin temperature modify
the standing potential in the ratio of 2.50 C. per millivolt.
3. Changes in blood flow from whatever cause produce changes
in the EMF that are within the standard error of measurement.
4. The variables which alter the magnitude of the standing
potential would, therefore, be most likely to be found in the charac-
teristic biological activity of the whole organism or of that particular
organ or group of organs lying in the regions bracketed by the two
electrodes.
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